To examine the role of intercellular interaction on cell differentiation and gene expression in human prostate, we separated the two major epithelial cell populations and studied them in isolation and in combination with stromal cells. The epithelial cells were separated by f low cytometry using antibodies against differentially expressed cell-surface markers CD44 and CD57. 
Cells of a multicellular organism function as integral units. They interact with their neighbors through diffusible signals and direct contact. The process of homeostasis could not be regulated if this intercellular communication did not exist. For example, the exchange of information helps to balance such vital opposing processes of proliferation and programmed cell death. A defect in this network leads either to the excessive growth of hyperplasia and neoplasia or to the excessive cell death of hypoplasia and atrophy.
In this study, we examine the role of intercellular interaction in prostate tissue. The human prostate is composed of ducts and acini embedded in a stromal matrix of fibroblastic and myofibroblastic cells. In the glandular epithelium are two predominant epithelial cell types -secretory luminal cells and subjacent basal epithelial cells (1, 2) . The luminal cells produce prostate-specific antigen (PSA) and prostatic acid phosphatase (PAP), which are secreted into the seminal fluid (3) . The biological role of basal cells is not clear. Because they have properties of stem cells (4) , they may constitute the reservoir of progenitors that mature into luminal cells. This possibility is best illustrated by animal studies of the effect of androgen on the prostate (5) . Castration of male rats typically leads to a rapid involution of the prostate. The gland recovers equally rapidly upon hormone replacement. Androgen removal has a deleterious effect on the luminal cells but a minimal one on the basal cells (6) . Because luminal cells are postmitotic and basal cells are not, regeneration of the gland must therefore result from the proliferation of the surviving basal cells (7) .
In prostate cancer, malignant cells appear to arise from the transformation of luminal cells. This statement is based on the observation that the cytokeratin-subtype composition of tumor cells matches that of luminal cells and never that of basal cells (8) . Furthermore, like luminal cells but unlike basal cells, many cancer cells make PSA and PAP. In our study of differential gene expression in prostate cancer, it became clear that a number of basal-cell markers not normally found in luminal cells were expressed by cancer cells. One such gene is the transcription factor ETS2. ETS2 expression was localized to the basal cells in benign tissue. Expression was also found in samples of high Gleason grade cancer (ref. 9 ; in situ hybridization localized ETS2 mRNA to the basal cells in benign glands. M. Tenant, A.Y.L., and S. Plymate, unpublished results). The Gleason scale codifies the degree of dedifferentiation exhibited by the cancer glands. This finding suggested to us that poorly differentiated cancers tend to express more basal-cell markers. Some of these basal cell markers have biological properties that confer growth and survival advantage on their host cells. For example, ETS2, functions in cellular proliferation (10); BCL2, another gene expressed in basal cells, has been shown to be associated with suppression of apoptosis in hormone-independent prostate carcinomas (11) . That some cancer cells can express basal-cell markers led us to propose a model of prostate cell lineage and cancer progression in which basal cells differentiate to become luminal cells, and cancer or transformed luminal cells dedifferentiate to assume characteristics of basal cells (11) . Thus, in normal development, genes such as ETS2 are switched off but are switched on in cancer progression. If basal cells are indeed the progenitor of luminal cells, then progression in prostate cancer would seem to be a reversal of the differentiation pathway. It is therefore important to establish the precise lineage relationship among these cells, as well as to determine the ordered sequence of gene expression in the pathway of normal development and to identify the perturbations in this orderly sequence that leads to cancer. Our strategy is to isolate the different cell populations and to reconstitute them in vitro. For instance, as the epithelial differentiation process is under the influence of stromal elements (12) , the isolated basal cells can be cultured with stromal cells under various experimental conditions and the appearance of luminal cells can be monitored by assays that score for PSA secretion.
MATERIALS AND METHODS
Prostate Cells. Prostate tissue specimens were obtained either from glands resected at radical prostatectomy, from
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. cystoprostatectomy specimens resected for bladder carcinoma, or from organ donors. Only benign samples were used for the isolation of cells. The histologic composition of the samples was assessed by examining frozen sections adjacent to the experimental tissue samples when the specimen was received fresh from the operating room. Samples were dissected using sterile techniques. Only tissue that was superfluous to that required for pathologic characterization was taken. Tissue specimens were rinsed in Hanks' balanced salt solution (HBSS) and minced with razor blades to about 1 mm 3 in size. Ten milliliters of 5% fetal bovine serum-RPMI 1640 medium (BioWhittaker) supplemented with gentamicin and fungicide was added to 1-2 g of minced tissue. Powder collagenase type I (GIBCO͞BRL) was added, and the mixture was digested overnight at 37°C with gentle stirring (13) . The suspension was passed the next day through a 70-m mesh nylon filter (Falcon 2350, Becton Dickinson) and then aspirated with a 23-gauge needle. Prostatic epithelial cells were separated from the stromal cells by centrifugation in a Percoll density gradient (14) . Two 10-ml iso-osmotic Percoll (Pharmacia) solutions were prepared as follows: (i) ϭ 1.07: 5 ml Percoll, 0.9 ml 1.5 M NaCl, 4.1 ml H 2 O; and (ii) ϭ 1.035: 2.3 ml Percoll, 0.9 ml 1.5 M NaCl, 6.8 ml H 2 O. Five milliliters of the less dense solution was placed in a 15-ml conical tube. Five milliliters of the denser solution was then added from the bottom up. One milliliter of cells in HBSS was layered on the gradient and the tubes were centrifuged at 500 ϫ g for 30 min. Epithelial cells banded at the interface of the two Percoll solutions, and stromal cells accumulated at the top of the gradient. Cells were collected with an 18-gauge needle, diluted with HBSS, and pelleted.
Flow Cytometry of Prostate Cells. Cells were resuspended in 50-100 l 0.1% BSA-PBS solution, and 20 l of the appropriate antibody conjugate (50 g͞ml) was added per 10 6 cells. Cells were also incubated without antibody as a negative control. After a 30-min incubation at room temperature, 1 ml of 0.1% BSA-PBS was added. The suspension was centrifuged and resuspended in 0.5 ml 0.1% BSA-PBS. The samples were analyzed by flow cytometry within 2 h. The cell sorter was developed and originally designed for precision high-speed sorting of human chromosomes and is capable of analyzing and sorting 40,000 cells͞s (15) . In these experiments, the sort rate was 200-400 cells͞s, and the collection vessels were grounded to minimize loss to charge build-up. The sorted cells were collected in PBS. A Coulter machine was also used in some early experiments. ␣CD44-PE (R-phycoerythrin-conjugated anti-human CD44, clone G44-26, 575-nm peak fluorescence) and ␣CD57-FITC (fluorescein isothiocyanate-conjugated anti-human CD57, clone NK-1, 530-nm peak fluorescence) were obtained from PharMingen), ␣CD57-PE (R-PE-conjugated anti-human CD57, clone NK-1) and ␣CD57-QR (Quantum Red, 670-nm peak fluorescence) were obtained from Sigma. ␣CD44 is a mouse IgG2b, monoclonal, and ␣CD57 is a mouse IgM, monoclonal.
Gene Expression Analysis. Sorted cells were centrifuged, and 0.5 ml STAT60 solution (Tel-Test ''B'', Friendswood, TX) was added for the isolation of RNA. Gene expression of relevant markers in the various samples was determined by reverse transcription-PCR (RT-PCR) on cDNA preparations of the isolated RNA as described (9) . PCR products were resolved by agarose gel electrophoresis. Positive results were based on the presence of DNA bands of the expected size. All correct sized PCR products were cloned and their identity verified by DNA sequence determination.
Coculture of Epithelial and Stromal Cells. Stromal cells collected from a Percoll gradient were cultured and may be treated with mitomycin C (Sigma) at 25 g (50 l of a 0.5 mg͞ml stock in HBSS) to 1-6 ϫ 10 7 cells͞ml for 20 min at 37°C. The cells were washed with excess HBSS and 5% fetal bovine serum. Cells were mixed and added to a culture dish coated with Matrigel (Becton Dickinson) as described by the manufacturer. Matrigel contains laminin, collagen IV, heparan sulfate proteoglycans, entactin, nidogen, transforming growth factor ␤, fibroblast growth factor, tissue plasminogen activator, and other growth factors. Phenol red-free RPMI 1640 medium supplemented with 10% fetal bovine serum, 10 Ϫ8 M 5␣-dihydrotestosterone (DHT), and antibiotics was added.
PSA Assay. Culture media were diluted 1:1 with HBSS, and PSA was assayed by the automated IMx analyzer (Abbott Laboratories). The lowest detectable range was 0.06-0.1 ng͞ ml.
RESULTS AND DISCUSSION
Methodology to Isolate Prostate Cell Subpopulations. We developed a procedure to isolate the two major epithelial cell populations by utilizing their differential expression of surface markers CD44 and CD57 and flow cytometry. In the normal prostate, basal cells express CD44 (16) , whereas luminal cells express CD57 (17, 18) . Collagenase digestion of prostate tissue was used to prepare single cells. The stromal cells were separated from the epithelial cells by Percoll density gradients. Epithelial cells were then sorted on the basis of their fluorescence after staining with antibody conjugates against CD44 or CD57.
The effect of collagenase digestion on the cell surface antigens and the viability of prostate cells after flow sorting was first examined by using the human prostate cancer cell lines PC3 and LNCaP. The two cell lines were mixed, placed in the collagenase digestion medium overnight, and banded in Percoll. ␣CD44-PE was used to separate the CD44 ϩ PC3 cells from the CD44 Ϫ LNCaP cells (19) . After sorting, the positive and negative populations (Fig. 1) were cultured separately overnight and examined microscopically the next day. The two cell types can be readily distinguished by their appearance. No appreciable contamination of either culture by the other cell line was observed. It was also possible to sort 10 3 PC3 cells from 10 6 LNCaP cells (Fig. 1) . These experiments demonstrated the efficiency of the method in isolating specific populations of prostate cells.
Flow Analysis of Cells from Benign Prostate Tissue. The specificity of the two antibodies for prostate tissue was established by immunohistochemistry as shown in Fig. 2 A and B . ␣CD44 stained the basal epithelia and, faintly, the stroma; ␣CD57 stained exclusively the luminal epithelia. In contrast to cultured cell lines, prostate cells prepared from tissue specimens displayed an autofluorescent population comprising 10% or more of the cells (Fig. 2C) . The autofluorescence remained after an overnight culture of the single epithelial cells (bottom panels, Fig. 2C ). In a two-color sort with ␣CD44-PE and ␣CD57-FITC the autofluorescence did not interfere with the CD44 ϩ population but did with the CD57 ϩ one. This drawback was overcome by the use of PE-conjugated ␣CD57 to sort CD57 ϩ cells. Aliquots of the sorted cells were checked by fluorescence microscopy for purity. In the twocolor sorts, no cross-contamination of the green and orange fluorescent populations was observed. Although the absolute yield of the immunoreactive cell populations varied among the different tissue specimens analyzed, their proportion ranged from 5 to 10% of the total sampled. For example, a two-color sort of CD44 ϩ and CD57 ϩ cells from a 3.7-g specimen scored 16,500 CD44 ϩ and 34,000 CD57 ϩ events. A one-color sort of CD57 ϩ cells from a 3-g specimen scored 660,000-positive and 9,200,000-negative events. By extrapolation, we could expect to obtain at least 8 ϫ 10 6 CD57 ϩ cells from a single 40-g prostate. This amount is adequate for the construction of cell-typespecific cDNA libraries and for tissue reconstitution experiments. The large negative fraction remained unstained even when higher amounts of antibodies were used. ϩ epithelial cells were sorted from specimen JWa (16.8 g). Gene expression of these cells was examined by PCR with gene-specific primers. The result is shown in Fig. 3 . As Genes Expressed in CD57 ؉ Prostate Epithelial Cells. CD57 ϩ cells were sorted from specimens JJa (5.6 g) and MG (2.8 g) and were processed for gene-expression analysis. As expected, both CD57 ϩ populations were negative for CD44 whereas the CD57 Ϫ populations were positive (Fig. 4) . The CD57 gene has not yet been cloned (21) . Both CD57 ϩ and CD57 Ϫ cells were positive for PSP 94 and EGP. CD57 ϩ cells were negative for the basal cell-specific ETS2. Of the other markers analyzed, G s ␣ may be one that is expressed more in the CD44 ϩ cells than the CD57 ϩ cells. Unexpected was the absence of PSA and PAP expression in the CD57 ϩ populations. For PSA, this was confirmed by the low amount of detectable PSA protein in the overnight culture medium of epithelial cells. The PSA concentration was about 0.2 ng͞ml in contrast to that in the collagenase digestion media of Ͼ1,000 ng͞ml (Table 1) . Specimens not precultured overnight and assayed before sorting also lacked PSA production (data not shown). There is no evidence that a large proportion of CD57 ϩ cells that do not make PSA existed. Addition of 10 Ϫ8 M DHT failed to induce PSA expression.
PSA Production in CD57
؉ Cells Depends on Interaction with Stromal Cells. The following experiment demonstrates that the lack of PSA mRNA or protein in the sorted CD57 ϩ cells was not due to a general lability of PSA-producing cells. Small pieces of prostate tissue were minced and left at room temperature for 24, 48, 72, or 96 h. At each time point, the samples were homogenized (without collagenase treatment) and assayed for expression of PSA, PAP, EGP, Zn␣ 2 GP, and G s ␣. Message for all these genes was detected at all time points (Fig. 5) . Thus, PSA expression was not shut off when contact of luminal cells with other cell types was maintained. It is also remarkable that PSA expression in these tissue pieces persisted in the absence of exogenous androgen because PSA mRNA has an apparently short half-life as suggested by the collagenase treatment result. We propose that the dissolution of the glandular architecture-loss of stromal contact and an intact basement membrane-extinguishes PSA and PAP synthesis in the separated CD57 ϩ cells. Some production of PSA was observed in cultures of isolated epithelial cells in the presence of stromal cells (see Table 1 ). We carried out in vitro tissue reconstitution experiment to determine if stromal influence can in fact restore PSA expression in sorted CD57 ϩ cells. CD57 ϩ cells and CD57 Ϫ cells were sorted from specimen LFo. Stromal cells were purified by Percoll gradients. The three cell types-stromal, CD57
ϩ , CD57
Ϫ -were cultured separately overnight. Then, stromal cells and CD57 ϩ or CD57 Ϫ cells were mixed and cultured in FIG. 3 . Gene-expression analysis of sorted CD44 ϩ epithelial cells. The single cells were stained with ␣CD44-PE and ␣CD57-FITC, followed by a 30-min incubation on ice with 7-aminoactinomycin D. A total of 300,000 CD44 ϩ and 160,000 CD57 ϩ events were sorted. About 25% of the unstained population was 7-aminoactinomycin D positive. The CD44 ϩ cells were homogenized and RNA prepared for geneexpression analysis. The selected genes are identified above the ethidium bromide-stained gel containing PCR products resolved by agarose gel electrophoresis. DNA size markers in kb to the left are from HindIII. Expected PCR product sizes are as follows: CD44, 600 bp, PSA, 460 bp, EGP, 890 bp, ETS2, 850 bp, Gs␣, 980 bp, PSP94, 430 bp, PAP, 670 bp, Zn␣2GP, 590 bp, FNR␤, 1210 bp, and COL, 750 bp. The stained material in the PSA and PAP lanes are nonspecific products Ͻ200 bp. PSA values in the cell-type culture medium are shown. Prostate cells were prepared from specimens JJa, MG, and RPo. Because stromal cells themselves do not produce PSA, the detected PSA was probably produced by contaminating epithelial cells. This is reflected by the wide variation in PSA values. A better separation can be achieved by two successive Percoll gradients. LNCaP is a PSA-producing cell line. *The RPo epithelial culture contained enough contaminant stromal cells to be discernible under microscopic examination.
FIG. 4.
Gene-expression analysis of sorted CD57 ϩ epithelial cells. Sorted cells from specimens JJa and MG are shown. The epithelial fraction after collagenase digestion was cultured overnight and sorted with ␣CD57-PE the next day into CD57 ϩ and CD57 Ϫ populations. A total of 740,000 CD57 ϩ and 680,000 CD57 Ϫ cells from JJa; and 160,000 CD57 ϩ and 1,050,000 CD57 Ϫ cells from MG respectively were obtained. Gene markers are identified above the gel lanes; ϩ represents CD57 ϩ cells and Ϫ represents CD57 Ϫ cells. Correct product sizes in bp are as indicated in the legend to Fig. 3 ; XBP1 is 570 bp. Stained material near the bottom of the gel represent small nonspecific products.
the presence of Matrigel and DHT. Samples of the different media were assayed for PSA on subsequent days (Table 2) . CD57 ϩ cells produced a low or negligible amount of PSA in the absence of stromal cells. However, CD57 ϩ cells cocultured with stromal cells produced increasing amounts of PSA during the course of the experiment, and after the culture medium was replaced PSA production continued. Another important finding was that the CD57 ϩ cells survived up to at least 13 days in the presence of stromal cells (indicated by PSA production). Stromal cells also induced PSA production in the CD57 Ϫ population. This production could be due to residual luminal cells or differentiation of CD44 ϩ cells as discussed below.
Basal Cells Differentiate into Luminal Cells in the Presence of Stromal Cells. Sorted basal cells were cultured with stromal cells and the emergence of presumptive luminal cells was assayed by PSA secretion. The stromal and sorted CD44 ϩ cells of specimen WHa were cocultured in the presence of Matrigel and DHT, and media samples were taken on the subsequent days for PSA measurement (Table 3) . PSA was not detected in the cultures of either stromal cells or CD44 ϩ cells alone but was detected in cocultured stromal and CD44 ϩ cells. We have shown by flow cytometry that the two principal prostatic epithelial cell types can be separated on the basis of their differential expression of surface markers CD44 and CD57. The simple method of exhaustive collagenase digestion of tissue gives a satisfactory preparation of single cells suitable for flow analysis without further processing. The yield of cells is reduced by an autofluorescent population, and by its overlap with the FITC channel precluding the use of two-color sort. Quantum Red also showed overlap with autofluorescence. Discovery of new differentially expressed surface markers will make this method very useful to identify more subpopulations if they exist. With the isolated cell populations we were then able to show that it is possible to reproduce the biological processes of cytodifferentiation and maintenance of the differentiated state in prostatic cells by a reconstitution system. Both maintenance and PSA production of luminal (CD57 ϩ ) cells and differentiation of basal (CD44 ϩ ) cells into PSAproducing luminal cells require interaction of stromal cells. This requirement was suggested by the work of Cunha and colleagues (12) who performed tissue recombinants in animals.
If normal CD57 ϩ cells lose PSA synthesis once they are free of the surrounding tissue, would cancer cells behave differently? In prostate cancer patients, circulating PSA-producing cells can be detected by ultrasensitive RT-PCR assays (22) . Furthermore, PSA ϩ cells have been identified (23) . Our preliminary results showed that cancer cells appear to behave similarly in that PSA synthesis is sensitive to stromal influence. It is possible then that prostatic cancer cells do not circulate as single cells but rather in cell cluster, or that an inductive blood factor is present. Or that PSA synthesis in some cancer cells becomes independent of stromal influence, like the PSAproducing LNCaP cells. Cancer cells might also land in an accommodating extraprostatic site, such as the marrow, where PSA expression can be sustained (24) .
Our data also showed that another pathway beside that mediated by the androgen receptor controls PSA and PAP expression in epithelial cells. Note that both PSA and PAP are markers of terminal differentiation. PSP 94 , another abundantly expressed gene (by both epithelial cell types), is not similarly regulated. This pathway which is under stromal influence is apparently not operative in LNCaP. To date, virtually all studies on the regulation of PSA and PAP expression have been carried out with cultured LNCaP cells (25, 26) . Our experi- A total of 118,000 CD57 ϩ and 1.5 ϫ 10 6 CD57 Ϫ cells were collected by flow sorting on the basis of ␣CD57-PE fluorescence from specimen LFo. The epithelial cells were cultured overnight and were mixed with stromal cells at a ratio of 1͞1 in Matrigel on day 1. CD57 Ϫ cells were seeded at 10 5 (a) and 5 ϫ 10 5 (b) with stromal cells and one at 10 5 without stromal cells. The secreted PSA values for the different cultures on the subsequent days are indicated. The culture medium was changed on day 6, and the cultures were monitored for 7 more days. ND, not done. CD57 ϩ before coculture ϭ 0.73.
